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Abstract. The total cross section for the dd ''^HeK'^K reaction has been measured at a beam mo- 
mentum of 3.7GeV/c, corresponding to an excess energy of 39 MeV, which is the maximum possible at 
the Cooler Synchrotron COSY- Jiilich. A deuterium cluster-jet target and the ANKE forward magnetic 
spectrometer, placed inside the storage ring, have been employed in this investigation. We find a total 
l/^ ' cross section of atot < 14 pb, which brings into question the viability of investigating the dd — > *Heao(980) 

' reaction as a means of studying isospin violation. 

a^ ■ 

O ■ PACS. 14.40. Cs Other mesons with S = C = 0, mass < 2.5 GeV - 25.45.-z 2II-induced reactions 
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1 Introduction not expected to be dominant in isospin-violating pion pro- 
duction [3] . For a discussion and exploratory calculations 

Since the deuteron and the a-particle both have isospin ^'^^ ^^'^ dd HeTr reaction, see Refs. [4,5]. 
7 = 0, the dd ^ X reaction provides an "isospin fil- ^^^^^ ^^^^ ^^(ggO^ ^^^gg^) ^^^1^^ 

ter that favours 7 = states X. The first definitive mea- ^^^^ ^^^^^ ^^^^ 7 = 1 and 7 = respectively, are rather 

surement of the dd ^ He^" cross section near thresh- ^^^^^^ overlapping resonances. This alone already 

old [1] has therefore provided clear evidence for isospm enhances the effect of meson mixing in the final state 

violation m the form of charge symmetry breaking (CSB). compared to isospin violation in the production opera- 
Withm the standard model there are two dommat- [g,?]. In addition, since both mesons couple strongly 

mg sources of isospm violation, namely the electromag- [g], a particularly large contribution coming from 

netic interaction and the differences m the masses of the j,aon loops [9, 10] significantly enhances the mixing ampli- 

quarks [2]. One way m which the quarks may play a role t^^e. Therefore one might hope to get a direct experimen- 

is through inducing a mixing between 7 = and 7 = 1 ^^1 access to the ao//o mixing amplitude, 
mesons, such as that between the 77 and the tt . In this 

sense the observed mesons are not pure isospin eigen- The main decay channel of the 7=1 meson is through 

states and one contribution to the CSB reaction would be ag (980) rjir [8] and so a promising measurement of 

through the virtual production of 77 meson which mixes to CSB might be through the study of dd *He/o(980) — > 

emerge as a 7r°. However, as a result of the relatively large ''He ao(980) — > ^He rjir'^ [11] , with an isospin-allowed /o(980) 

mass of the strange quark, which leads to a significant production in the first step. Whether this promise can be 

mass splitting of 7r° and 77, the effect of the rj/n'^ mixing is fulfilled or not would depend to a large extent on the pro- 

duction cross section for the /o(980) meson in this chan- 

^ e-mail: cw@hep.ucl.ac.uk nel. It is the primary aim of the current work to provide 
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experimental data on this through a measurement of the 
dd — > ^He/o '^}ieK~^K~ cross section. 

The conditions of the experiment, which was carried 
out using the ANKE spectrometer at COSY-Jiilich, arc 
described in sect. 2. The strict conditions on the particle 
selection necessary to identify the desired reaction against 
a much larger background arc here explained in some de- 
tail. Two methodologies that remove almost all the back- 
ground are discussed but, in view of the consequent low 
acceptances, they could only provide upper limits on the 
production rate. By relaxing the criteria, it proved pos- 
sible to extract events with a reasonable background and 
hence to evaluate the total cross section which is reported 
in sect. 3. The smallness of the resulting value suggests 
that the dd ^He7y7r° reaction might in fact not be a 
useful way of investigating isospin violation and this is 
reflected in our conclusions of sect. 4. 



2 Identification of dd — > ^He K+K events 
with ANKE 

2.1 Experimental setup 

The COSY COoler SYnchrotron of the Forschungszen- 
trum Jiilich can accelerate and store deuterons with mo- 
menta of up to 3.7GeV/c [12], which corresponds to an 
excess energy of Q = 39MeV for the dd '^ReK+R- 
reaction. The studies of this reaction were carried out 
at the ANKE facility [13], a magnetic spectrometer lo- 
cated in one of the straight sections of COSY. ANKE has 
three dipole magnets, Dl - D3. Dl deflects the circulating 
COSY beam onto a target in front of D2, and D3 bends 
it back into the nominal orbit. The C-shaped spectrom- 
eter dipole D2 separates forward-going reaction products 
from the COSY beam and allows one to determine their 
emission angles and momenta. 

The deuterium cluster-jet target [14] used with ANKE 
had an areal density of a few times lO^^cm"^ which, 
combined with a typical deuteron beam intensity of (3 — 
6)xl0^"s^^, yields an average luminosity of L = [2.6 ± 
0.1(stat)±0.8(syst)±0.3(syst)] x lO^is-^cm-^ [15]. This 
gave an integrated luminosity of Li„t = 35pb~^ over the 
course of the experiment. The two systematic errors are 
due mainly to the uncertainty in the quasi-clastic dd 
dX cross section used for the normalisation and to a pos- 
sible error in the determination of the angle-momentum 
acceptance for that process in ANKE. 



2.2 Particle selection criteria 

In order to isolate the dd ^Hc K^K~ events, two wcll- 
identifled flnal-state particles, viz the and **He, could 
be detected in coincidence, with the remaining K~ meson 
being recognised through the missing-mass in the reaction. 
Alternatively, all three flnal particles could be measured 
with rather looser criteria. Both approaches have been im- 
plemented in this work. 
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Fig. 1. Time-of- flight spectrum in the ANKE positive detector 
(PD) for increasingly stringent on-line trigger settings and K'^ 
selection criteria. Dashed line: open trigger run; dotted line: 
on-line TOF trigger for the detection of JsT"*" mesons; solid line: 
same as dotted plus a K'^-cut on the time difference between 
the PD and forward detector (FD); shaded histogram: same 
as solid plus the delayed veto criterion in the ANKE range 
telescopes. In all cases a valid track (reconstructed from the 
MWPC information) in the PD and FD was required and an 
energy-loss cut on deuterons (and heavier particles) in the FD 
(cf. Fig. 2) has been applied. The spectra are normalised to 
the relative luminosities and dead times. 



Positively charged kaons can be identified in the pos- 
itive side detection system (PD) [13,16] of ANKE by a 
time-of- flight (TOF) measurement, as illustrated in Fig. 1. 
The TOF start counters, consisting of one layer of 23 scin- 
tillation counters, are mounted next to the large exit win- 
dow of the vacuum chamber in D2. Positive kaons from 
the dd — > ^Heif+if^ reaction with momenta between 
390 and 625MeV/c stop in the range telescopes located 
along the focal surface of D2. These telescopes serve as the 
TOF stop counters and provide further, extremely effec- 
tive, kaon-fersws-background discrimination through the 
measurement of delayed signals from the decay prod- 
ucts, /U+ and 77+ [16]. A drawback of this method is its 
relatively low i<'+-detection efficiency of only about 15%. 
Two multi-wire proportional chambers (MWPCs) posi- 
tioned between the TOF start and stop counters allow 
one to deduce the ejectile momenta and to suppress the 
background from secondary scattering. 

A rather strict TOF criterion was already included 
in the on-line trigger that suppresses 7r+ mesons and pro- 
tons. In order to collect data for the calibration of the 
^He and ^He energy losses, several runs were taken with 
an open TOF trigger (cf. Fig. 1). 

High momentum particles, such as protons, deuterons 
and He nuclei, that are produced in coincidence with the 
mesons, as well as scattered deuterons and protons 
from the breakup of the beam deuterons, were detected in 
the forward-detector (FD) [15, 17]. This contains three lay- 
ers of scintillation counters for TOF and energy- loss {AE) 
measurements. In addition, there are three MWPCs that 
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axe used for momentum reconstruction and background 
suppression. 

Negatively charged particles can be measured in the 
negative-particle detection system (ND) [18], comprising 
scintillators for TOF measurements and two MWPCs for 
tracking. The K~ are separated from the tt" background 
by TOF criteria and, in addition, a reconstructed track 
from the ND MWPCs is required. 

In addition to the above mentioned TOF criterion, 
the energy loss in the FD was already used at the trigger 
level. The AE thresholds were set such that events with 
^He particles as well as deuterons were retained for further 
analysis. The latter were used for a fine-tuning of the 
selection criteria, since dK^ pairs are produced at a much 
higher rate than the ''He events of interest. 

Events with a meson in the PD and a deuteron in 
the FD can be identified from the relative detection times 
in these counters. This time difference, AtFr),PD{d, K~^), 
can be determined either directly from the calibrated TDC 
data or reconstructed from the particle trajectories and 
momenta, as deduced from the MWPC track informa- 
tion. For particles arising from the same reaction vertex, 
these values are correlated [18]. The solid line in Fig. 1 
shows the PD TOF spectrum after the application of the 
AtF-[),p-£,{d, K^) cut. A clear peak from the dK^ 
events is seen, though a substantial background from sec- 
ondary particles remains. 

Figure 1 shows that, when the delayed- veto cut for the 
mesons is applied in addition to the AtFD^pD{d, K^) 
criterion, a background-free identification of dK~^ correla- 
tions is possible. 

Since the ^He particles have both twice the charge and 
almost twice the mass of the deuterons, their time corre- 
lations with the kaons are indistinguishable. Therefore, 
some of the nominally K~^d events in Fig. 1, selected on 
the basis of the Z\iFD,PD(rf, -K^"*") cut, may stem from the 
dd ^HeX+X reaction. In order therefore to discrim- 
inate between "^He and deuterons, a rigidity-dependent 
AE cut has been applied in all FD scintillators, as shown 
in Fig. 2. The exact locations of the AE-versus-\pFD\/Z 
bands have been determined from events with a coinci- 
dent TT"*" meson in the PD (open TOF trigger runs). Their 
positions are in good agreement with those obtained from 
Monte-Carlo simulations. 



2.3 Event selection with maximum background 
suppression 

For the identification of the dd ^HeJC+ZsT" events the 
following and ^He selection criteria are jointly used, 

as described above: 

i) TOF for K+ mesons in the PD; 

ii) time difference between particle detection in the PD 
and FD, Z\tFD.PDC*He, 

Hi) AE versus \pfd\/Z in the FD; 

iv) delayed-veto signal in the range telescopes. 

These combined criteria offer the maximum possible back- 
ground suppression at ANKE, though at the expense of 
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Fig. 2. Identification of ''He particles (selected in coincidence 
with TT^ mesons) using energy losses in the FD scintillation 
counters (shown here for scintillator layer 1). The solid lines 
show the boundaries of the AE cut used for *He selection. The 
dashed and dash-dotted lines indicate the positions of the cen- 
tres of the ''He and deuteron bands, respectively. For a bettor 
visibility of the ''He energy-loss band, only those events are 
shown that fulfil the following criteria: «) an energy loss above 
the ^He band in layer 1; ii) a valid AtpD.PD for '^Hew^ events 
for layers 1 and 2; Hi) a cut on the energy loss of layer 2 for 
the ''He candidates. 

having the low efficiency (~ 15%) of the delayed-veto cri- 
terion. However, it turned out that no events survive these 
criteria and this procedure only leads to an upper limit on 
the production cross section. 

Another possibility to provide an efficient background 
suppression with comparable detection efficiency is to aban- 
don the delayed-veto criterion and to search directly for 
K~ mesons in correlation with the detected "^He pairs. 
The additional demands imposed to ensure that any signal 
comes from a K~ meson reduces the total acceptance by a 
factor ~ 5. One event was found by this method and this 
is clearly consistent with the zero events obtained with 
the delayed-veto procedure. 

The above considerations show that only upper limits 
on the total dd — » ^}leK~^K~ production cross section 
can be deduced by using "background-free" methods and 
that some of the criteria must be relaxed in order to obtain 
a signal. 



2.4 Event selection with relaxed cuts 

Figure 3a) shows the {dd, ^He) missing-mass distribution 
for the events remaining after imposing the following cri- 
teria: 

i) TOF for K+ mesons in the PD; 
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ii) time difference between particle detection in the PD 

and FD, AtFD,PD{^tle,K+); 
Hi) AE versus\pFD\/Z in the FD. 

Figures 3b)-d) show the remaining events after addi- 
tionally demanding that the (dd,^ He) missing mass must 
be above the K^K~ threshold: 

iv') mm{dd,'^ He) > m{K^K~) (arrow in Fig. 3a). 

Compared to the "background-free" selection from the 
previous section, we do not impose the delayed-veto crite- 
rion and use the missing-mass cut on the ^He instead. 

In order to suppress the residual background, an ad- 
ditional stronger cut on the TOF between the start and 
stop counters in the PD has been applied to select the 
mesons (arrows in Fig. 3b) with efficiency eTOF(K+) = 
90%. The results are shown in Figs. 3e) and 3f). Vir- 
tually identical distributions are obtained for a narrower 
^^fd.pdCHc, X+) time gate. 

Under the assumption that the background distribu- 
tion for the ^He missing-mass is flat and is at a level of 
0.5 events per bin (Fig. 3f), we find evidence for about 5 
events coming from the dd ^Hc reaction. This 

number is consistent with the upper limits derived using 
the "background-free" methods described in the previous 
section. 

3 Total production cross section 

In order to evaluate the total dd ^He K'^K~ production 
cross section, the geometrical acceptance of ANKE, the 
detector resolutions and efficiencies, dead times, and kaon- 
decay probabilities were taken into account in a Monte 
Carlo simulation, written using the GEANT4 code [19]. 
Two possibilities for the input distributions have been con- 
sidered, viz three-body phase space and a Flattc K~ 
mass distribution [20] , where the /o (980) parameters were 
those obtained by the BES collaboration [21]. The simu- 
lated results for these two scenarios are basically identical 
and the average total acceptance for the *He detection 
is estimated to be A4jje,ii:+ = 8.5%. 

Taking the dead time into account, the efficiency of the 
ANKE data acquisition system is Edaq = 70%, while the 
SD and FD efficiencies are esD — 95% and £fd — 70%. 

The two methods described in sect. 2.3 as being "back- 
ground-free" are almost independent statistically and their 
simultaneous measurement allows one to deduce an up- 
per limit for the dd — > *Heii'+iV'~ cross section at Q = 
39MeV: 

atot < 14 pb (92%CL) (3.1) 

On the other hand, the five events obtained after back- 
ground subtraction shown in Fig. 3f) lead to a total pro- 
duction cross section of 



C^tot = (5 ± 2stat ± Isyst) pb. 



(3.2) 



with an additional overall uncertainty of about 50% com- 
ing from the luminosity determination. The two approaches 
give consistent results and show that the '^HeK'^K^ pro- 
duction cross section in deuteron-deuteron collisions near 
threshold is very low indeed. 



4 Discussion and outlook 

In order to investigate the production of the upper tail of 

the /o meson in deuteron-deuteron collisions, we have un- 
dertaken a measurement of the dd — > *}ie reaction 
at an excess energy of 39 MeV. The production cross is sur- 
prisingly low such that the techniques which we used to 
eliminate the background essentially eliminated the very 
weak signal as well. By relaxing the selection criteria and 
subtracting the background, it was possible to find five 
events that corresponded to a cross section of a mere 5 pb. 

One of the principal advantages of the reaction studied 
is that the selection rules require the K~ pair to be in 
isospin / = but, in view of the poor statistics, there is 
no way of knowing whether the five events arise from the 
production of scalar (/o) pairs or vector {(j)) pairs. There 
is evidence from the pd ^He K~ reaction that even 
at Q = 35 MeV the production of the ^-meson represents 
a significant fraction of the total cross section [22]. 

Since no theoretical models exist for K~^K~ produc- 
tion in this reaction, it is perhaps permissible to make a 
crude estimate based upon the factorisation ansatz whereby 

atot{dd^^-ReK+K-) = 
(Ttotidd '^Reri) 



cTtotipd^^'H.er]) 



xatotipd^^'HeK+K-). (4.1) 



The production of the i] meson via dd "^He t] has 
only been measured up to Q = 16.6 MeV, where the total 
cross section is about 16nb [23]. Interpolating the pd 
•^Hery data [24.25] to this energy gives (7tot{pd ^Hcq) « 
340 nb so that the simplistic approach of Eq. (4.1) would 
predict 



atot{dd^^BeK+K-)^ 
0.05 X atotipd ^ReK+K- 



(4.2) 



Although the data are more sparse, a roughly similar 
ratio is obtained if one uses the results on pd ^Hcui [26] 
and dd ^He ui [27] , though with larger uncertainties. 

It was shown in Ref. [22] that the non-^ production 
cross section varies as 



(Ttotipd ^ ^HeK+K-) « 5 (Q/MeV)2 pb, 



(4.3) 



which gives 7.5 nb for our excess energy. These consid- 
erations would lead us to expect a total cross section for 
dd ^He K~^K~ of about 370 pb, which is almost two or- 
ders of magnitude larger than our measurement and does 
not even allow for the contribution from (f) production. 
This vast discrepancy suggests that the dynamics govern- 
ing the production of the ij ot u) meson and K~^K~ pairs 
in these reactions are intrinsically different and this may 
come about from the kaons being produced at different 
vertices whereas a solitary meson must originate from a 
single one. 

Independent of the underlying dynamics, if one as- 
sumes that the five events are products of the decay of 
the /o(980) resonance, which has a branching ratio of 
0.12 ± 0.06 into K+K' [21], the total cross section for 
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Fig. 3. a)-d) Events remaining after tlie application of the K TOF cut (Fig. 1), the time correlation between the PD and 
FD, and the *He energy-loss criterion (Fig. 2). For panels b)-d) an additional {dd, *He) missing-mass cut m > 980MeV/c^ has 
been used, as indicated in panel a). Panels e) and f) show the residual events after the use of the stronger TOF cut indicated in 
panel b) by the arrows. Panels c) and e) show the difference between the measured and expected ''He energy loss. The curves 
represent the shapes of the expected signals, as derived from Monte-Carlo simulations. 



the production of this state through dd "'He /o (980) is 
only about 40 pb at our energy. This low value must bring 
into question any attempt to measure charge symmetry 
breaking in the dd — > "^He n'^r] reaction generated through 
ao(980)//o(980) mixing. 
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